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Mechanism of Adenosine-Induced Inhibition of Calcium Current in Guinea Pig
Ventricular Cells Makoto Kato, Hiroshi Yamaguchi, and Rikuo Ochi
The mechanism of adenosine-induced inhibition of Ca' currents was studied by recording single-channel Ca' currents from cell-attached patches on isolated guinea pig ventricular cells with pipettes containing 50 or 100 mM Ba`. Numerous 100-msec depolarization steps were applied repetitively at 2 Hz from the resting potential of approximately -70 mV. The addition of 0.1 mM adenosine to the superfusate in the presence of 100 nM isoproterenol depressed the isoproterenol-induced increase in ensemble-averaged current: in peak amplitude, from 258±105% (mean ±SD) (p<0.01) that of control in the presence of isoproterenol to 153+±41% (n =7) (p <0.05) by the addition of adenosine. In these patches, adenosine did not much affect the open probability in nonblank sweeps (control, 0.10+±0.05; isoproterenol, 0.11±0.08; adenosine and isoproterenol, 0.08 ±0.05), but significantly decreased channel availability, defined as the rate of current-containing sweeps in total sweeps (control, 0.36±0.17; isoproterenol, 0.69±0. 16 [p<0.01]; adenosine and isoproterenol, 0.45+0. 20 [p<0.01]). The decrease of channel availability by adenosine was due to the shortening of the duration of the available state and the prolongation of that of the unavailable state. The depressive action of adenosine was suppressed by 0.1 mM theophylline. The single-channel conductance in the presence of 100 mM Ba`and Bay K 8644 was 26 pS and was not affected by isoproterenol or adenosine. We conclude that adenosine decreases Ca> current under j3-adrenergic stimulation mainly by reducing channel availability. (Circulation Research 1990;67:1134-1141)
A denosine (Ado), a naturally occurring metabolite derived from ATP,1 affects cardiac function at several levels besides its vasodilator action. It depresses directly sinoatrial pacemaker activity and atrioventricular transmission2 and depresses indirectly ventricular pumping under /8-adrenergic stimulation.3 Negative chronotropic and dromotropic effects are due to an increase in K' conductance,4 whereas negative inotropic effects on ventricular muscle are characterized mainly by an attenuation of the catecholamine-enhanced Ca>2 inward current5 via a decrease in cyclic AMP.6 In addition, Ado slightly reduces basal calcium current in atrial cells. 7 The depressive action of Ado on adenylate cyclase activity and thus on contractile force development3 is initiated by Ado binding to the A, adenosine receptor from reversal of the depressive action of Ado by theophylline (Theo).l18
The purpose of the present study is to elucidate the modulation of the single-channel current in the Ado-induced depression of the Ca' current in ventricular cells. Experiments were performed by recording the single-channel Ca2' currents in the presence of isoproterenol (ISO). We recently have published that ISO increases the Ca' current mainly by increasing channel availability in this tissue.9 In the present study, we examined the actions of Ado on open probability and channel availability previously increased by ISO.
Methods
Single ventricular myocytes were isolated from ventricles of adult guinea pigs.'0 The animals were anesthetized with sodium pentobarbital (50 mg/kg). The heart was removed under artificial respiration and perfused by the Langendorff method with the following solutions in order: normal Tyrode's solution, Ca2+-free Tyrode's solution, collagenase solution (10-20 minutes), and high-potassium, Ca2+-free (Kraftbrihe, KB) solution. Single cells were sepa-rated from the ventricle and stored in KB solution at 40C.
Patch-clamp experiments were done using the cells isolated within 12 hours. The cells were attached to the glass bottom in a chamber mounted on the mechanical stage of an inverted microscope (TMS, Nikon, Tokyo) and were continuously superfused with normal Tyrode's solution. The experiments were performed at 25°C.
Single-channel currents were recorded using the patch-clamp technique under the cell-attached configuration.'1 To test potentials, depolarizing steps with a duration of 100 msec were delivered at 2 Hz from the resting potential using a personal computer system (PC-9801, UV2, NEC, Tokyo) that has been developed by Dr. M. Yoshii. In the single-channel experiments, the number of depolarization steps was about 500-1,000 in each test solution.
Solutions had the following compositions (mM): normal Tyrode's solution: NaCl 135, KCI 5.4, CaCl2 1.8, MgCl2 1, Tris-HEPES 5, and glucose 10 (pH 7.4); KB solution: taurin 10, oxalic acid 10, glutamic acid 70, KCl 25, KH2P04 10, (Tris)2EGTA 0.5, Tris-HEPES 5, and glucose 10, with pH adjusted to 7.4 by adding KOH; high-potassium solution: potassium aspartate 140, MgCl2 1, Tris-HEPES 5, (Tris)2EGTA 1, and glucose 10 (pH 7.40). The Ca2+-free solution had the same composition as the normal Tyrode's, but without Ca2+. The pipette solution contained (mM) BaCl2 50 or 100, choline chloride 75 or 0, Tris-HEPES 5, and tetrodotoxin (Sankyo, Tokyo) 0.03 (pH 7.4). ISO-HCl (Sigma Chemical Co., St. Louis), Ado (Wako, Osaka, Japan), Theo (Wako), and Bay K 8644 (Bayer, Wuppertal, FRG) were added to the superfusate.
Data were filtered by a Bessel filter (48 dB/decade) with a cutoff frequency of 1-1.5 kHz and were recorded on videotape through a PCM recorder. They were analyzed using the personal computer after digitizing with a sampling frequency at 5 kHz with a 12-bit A/D convertor (AD-1240, Intelligent A/D convertor, Nippon Phoenix Corp., Tokyo). The capacitive and leak currents were digitally subtracted using the average currents of blank sweeps or of currents produced by pulses with opposite polarity. Ensemble-averaged currents of multichannel currents were made by averaging the subtracted currents. In the analysis of the single-channel currents, the program allowed a baseline and a single-channel amplitude to be fitted by eye; transitions between the open and shut states were detected as crossings at the half-amplitude level. Ensemble-averaged currents of the single-channel currents were obtained by averag-
ing the idealized open-close transitions, including blank sweeps. The open-state probability of a single channel (P.) was calculated for a current-containing sweep as the ratio of the total time of opening to the total duration of test pulses. The channel availability (Ps) denotes the ratio of the number of nonblank sweeps to the total number of sweeps. Comparisons between data were performed using paired Student's t test. Data are presented as mean+SD.
The current-containing sweeps and blank sweeps appeared in clusters as in the previous study.9"10 The degree of grouping of both types of sweeps in sequences of consecutive sweeps in an ensemble was examined using run analysis.'2"3 The standardized random variable Z was determined from the following equation: (1) where R is the number of runs, and n is the total number of sweeps.12 Z will be close to zero if events are randomly ordered and positive values of Z correspond to grouping of nonblank sweeps or blank sweeps. In the present study, Z had a large positive value. In the seven single-channel experiments in which the effects of ISO and Ado on the ensemble-averaged current were known and P0 and P, were compared, Z was between 13 and 24, indicating that both types of sweeps occurred in a highly nonrandom manner. Results
Effects of Isoproterenol and Adenosine on

Mean Currents
The effects of Ado on the Ca21 channel were examined by recording both singleand multiplechannel Ca 2 currents, repetitively applying 100msec depolarizing steps from the resting potential (RP) at 2 Hz to RP+70-90 mV. Figure 1 shows typical results of the single-channel recording. The depolarization steps to RP+90 mV induced burstlike openings of the channel in some sweeps, but in others they did not open the channel, resulting in blank sweeps. The number of nonblank sweeps was increased markedly by the addition of 100 nM ISO to the superfusate ( Figure 1B) ; an additional application of 0.1 mM Ado in the presence of ISO decreased the number ( Figure 1C ). The total effect on the Ca21 channel of ISO and Ado in the presence of ISO is reflected in the mean currents. In Figure 1 , the amplitude of the mean current from about 1,000 sweeps was increased to 250% that of control by 100 nM ISO and was decreased to 136% by the addition of 0.1 mM Ado. Thereafter, the addition of 0.1 mM Theo again increased the amplitude to 186%.
In the present study, the results from seven single Ca21 channels with the application of 100 nM ISO and 0.1 mM Ado in the presence of ISO were analyzed systematically. In these patches, the amplitude of the ensemble-averaged current was 258 + 105% that of the control in the presence of 100 nM ISO and was reduced to 153+41% (n=7) by the addition of 0.1 mM Ado. The increase by the presence of ISO and the decrease by the addition of Ado were statistically significant, withp<0.01 andp<0.05, respectively; but the resulting mean current in the Traces labeled as a are ten consecutive sweeps in order of depolarzation sequence. Artifacts produced by capacitive transients were erased at the intervals indicated by the two dots. Traces labeled as b are mean currents (m.c.) from all traces, including blanks. Mean currents were obtained by averaging the idealized openings and are shown on a constant arbitrary scale. About 1,000 100-msec depolanization steps from the resting potential (R.P.) to R.P. + 90 mV were applied repetitively at 2 Hz in each solution. Cutofffrequency was 1.5 kHz. Pipette solution contained 100 mM Ba2+. T.P., test potential; H.P., holding potential; Ps, ratio of the number of channel currents containing sweeps to total number of sweeps.
presence of 0.1 mM Ado still was significantly larger than that of the control (p<0.05).
Efficacy of the modulators of the Ca2' current also was examined by comparing the ensemble-averaged currents from the patch containing more than two functionally active Ca2' channels. Figure 2 shows the effect of ISO and Ado on the multichannel currents from a cell-attached patch in the presence of 1,000 nM Bay K 8644. A 100-msec depolarization clamp step from the RP to RP+70 mV was applied repetitively at 2 Hz. The calcium agonist prolonged the open time in specimen currents (Figure 2 , traces a) so that the overlapped openings of multiple Ca21 channels became clear. The number of overlappings of the unitary currents was increased by 100 nM ISO ( Figure 2B ) and was decreased by the addition of 0.1 mM Ado ( Figure 2C ), which was associated with the increase and succeeding decrease in the amplitude of the ensemble-averaged current (Figure 2 , traces b).
In the presence of 1,000 nM Bay K 8644, the amplitude increased to 242±167% (n=7) that of control with 100 nM ISO and thereafter decreased to 183±112% by the addition of 0.1 mM Ado. The increase by ISO and the decrease by Ado were statistically significant (p<0.01). In the absence of Bay K 8644, the amplitude of the mean current of multichannel currents was increased to 242±149% that of control (n = 16) with 100 nM ISO and decreased to 159±93% by the addition of 100 nM Ado to ISO, with statistical significance (p<0.01). The mean current enhanced by ISO also was depressed by a lower concentration of Ado (0.01 mM); the peak amplitude of 305 +211% (n=6) that of control in the presence of 100 nM ISO was decreased to 219+105% by the addition of 0.01 mM Ado. This decrease by Ado was statistically significant (p<0.05). The extent of the mean current depression by Ado was similar or less at 0.01 mM compared with 0.1 mM in five experiments, but the difference was not statistically significant (0.05<p<0.1).
Blockade of the Inhibiting Action ofAdenosine by Theophylline
As shown in Figure 1 with these two drugs. The increase by the addition of Theo and the decrease by Ado was not statistically significant. In contrast, when 0.1 mM Ado was applied in the absence of Theo in six of these 10 patches, the amplitude of the mean current decreased to 64.6±21.0%, with a statistically significant difference from the percentage in the presence of both Ado and Theo (p<0.01). Thus, we concluded that Theo suppressed the depressive action of Ado on the Ca21 channel. Eifect ofAdenosine on the Open Probability of the Ca2' Channel
In the current-containing sweeps of Figure 1 , the channel openings occurred in bursts. If ISO and Ado changed the mean current by affecting the burst kinetics determined by the fast gating process,12 P0 should be affected by these drugs. In the seven experiments, P0 was 0.10±0.05 (n =7) in the control, 0.11±0.08 in the presence of ISO, and 0.08±0.05 with ISO and Ado. PO was not significantly affected by either ISO or Ado.
The effect of Ado on the fast gating process also was analyzed with open time and shut time histograms (Figure 3 ). The upper histograms in Figure 3 The lower histograms in Figure 3 depict the influence of similar interventions on the shut time histogram in the same experiment. They were distributed double-exponentially, with the time constants ranging from 0.6 to 1.0 msec in the fast component and 4.7 to 8.2 msec in the slow component in these solutions. The mean shut time was control, 2.98 msec; ISO, 2.82 msec; ISO and Ado, 4.22 msec; and ISO, Ado, and Theo, 4.15 msec. In the seven experiments, the mean shut time was 4.95±2.94 msec in control, 4.53+2.06 msec in the presence of ISO, and 4.86±+1.92 msec in the presence of ISO and Ado. The difference produced by the drugs was not statistically significant. From the effects on the open time and shut time, we conclude that both ISO and Ado did not much affect the fast gating process related to the burst kinetics.
Changes of Ca2' Channel Availability by Isoproterenol and Adenosine
In Figure 1 , the channel availability, P,, for 1,000 sweeps was increased from 0.33 to 0.66 by the addition of ISO and, thereafter, was diminished to 0.46 by the addition of 0.1 mM Ado. In During repetitive depolarizations, current-containing sweeps and blank sweeps tended to appear in clusters both in controls and in the presence of ISO or Ado (Figure 1 ). The run analysis indicated a highly nonrandom occurrence of the clusters, as described in "Methods." The nonrandomness suggests that there exists a slow gating process in the channel12 that determines the duration of the available state associated with current-containing sweeps and the unavailable state with blank sweeps. The duration of both states was determined from the number of sweeps in each run and the stimulus frequency (2 Hz), as in the previous study.910 We averaged the duration of the available state and that of the unavailable state by the number of runs and compared the obtained mean durations before and after application of the drugs to examine their effects on the slow gating process.9,10 As shown in Figure 4B , in the seven experiments the mean duration of the available state was increased by the addition of ISO from 1.39+0.60 to 3.07±+1.43 seconds (p<0.01) and was decreased by the addition of Ado to 1.72+0.90 seconds (p<0.01). On the other hand, the mean duration of the unavailable state was decreased significantly by ISO from 2.66±+1.18 to 1.24±0.54 seconds (p<0.01), but the increase by the addition of Ado to 2.20+1.32 seconds was not statistically significant (0.05 <p<0.1). As P, is given by the rate of the mean duration of the available state per sum of both mean durations, it was increased by ISO and was decreased by the addition of Ado because of these changes of the mean durations. 
Effect of Isoproterenol and Adenosine on Unitary
Ca2' Channel Conductance
In the presence of Bay K 8644, the unitary conductance of the Ca2' channel was estimated from the amplitude of the unitary currents at various test potentials and at the holding potential. As shown in Figure 5 , the amplitude of single Ca2' currents plotted against the membrane potential given as the shift from the resting potential coincided closely in the presence and absence of 100 nM ISO and after the addition of 0.1 mM Ado. The current-voltage relation was almost linear, but a progressive decrease in conductance was noted as the reversal potential was approached.14 In the presence of 100 mM Ba`+ and 1,000 nM Bay K 8644, the unitary Ca2' channel conductance at the linear region was 26.3+±3.8 pS (n=7) in the control, 26.2+3.6 pS after the addition of 100 nM ISO, and 26.3+4.0 pS in the presence of both 100 nM ISO and 0.1 mM Ado. The mean values are almost the same in the presence and absence of ISO and Ado, and in each experiment, the difference between before and after the application of ISO and Ado was very small.
To determine resting potential, the current-voltage relation of the unitary current in the presence of Bay K 8644 was compared before and after introducing high-potassium solution, which was expected to depolarize the membrane potential to 0 mV. Highpotassium solution shifted the curve by 69.8±3.34 mV (n=5) in a hyperpolarizing direction by the disappearance of the resting potential that existed in the normal Tyrode's solution. 
Discussion
Single-channel Ca2+ current recordings using the patch-clamp technique"1 have allowed direct analysis of Ca2+ channel behavior in the presence of several physiologically and clinically important modulators. 15 The macroscopic Ca2+ current (ICa) is expressed as ICa=NT-Ps PO 'iCa (2) where NT is the total number of Ca2+ channels in the myocytes, and iCa is the amplitude of the elementary current.16 /-Adrenergic stimulants have been reported to modulate the Ca2+ channel by increasing PO as well as PS. 15, 16 Our recent study9 and this study, however, show that the increase of PO is much smaller than that of P,. the RP, the increase in PO by ISO was much smaller than the increase in Ps.9
The Ado-induced depression of Ca2+ currents in the presence of ,B-adrenergic stimulants was associated with a decrease in the P, previously increased by ISO with little change in P0 as expected for the removal of the stimulatory action of ISO. The fact that the open time and shut time of the channel obtained from single-exponential and double-exponential curves were virtually the same before and after addition of ISO and ISO with Ado supports the conclusion that phosphorylation of the channel does not modulate the fast gating process. In Equation 2, NT * P, gives the number of channels in the available pool.16 Therefore, Ado decreases the number of functional Ca2+ channels by decreasing P, and eventually decreases the macroscopic Ca2+ current.
According to the fluctuation analysis of whole-cell Ca2+ current, P-adrenergic stimulants do not affect the unitary Ca2, channel conductance.19 In the presence of Bay K 8644, which markedly prolongs the open time of the Ca2+ channel,20 it was possible to accurately evaluate the effect of the modulators on the unitary conductance. As is clearly shown in Figure 5 , neither ISO nor Ado affected the conductance. Therefore, the unitary Ca2+ channel conductance is not among the factors related to the Adoinduced depression of Ca2`currents.
The decrease in P, by Ado was due to changes in the duration of the available state and that of the unavailable state ( Figure 4B ). Ado decreased the duration of the available state, which had been increased previously by ISO. Conversely, the duration of the unavailable state, previously decreased by ISO, appeared to be prolonged to near control levels by the addition of Ado. Apparently, Ado enhanced the transition rate from the available state to the unavailable state and decreased the recovery rate from the unavailable state to the available state to decrease P,. There are voltage-dependent and voltage-independent slow gating processes in the Ca2' channels.9 As the test potentials were applied from large negative holding potentials, backward modulation of the voltage-independent slow gating process seems to be the main mechanism of the present Ado-induced decrease of PS. A further study is necessary to clarify the modulation of these processes by Ado.
As the channel in the patch was not directly exposed to either ISO, Ado, or Theo under the present cell-attached configuration, the resulting changes of the Ca2' channel current were due to the modulation of the channel through the changes in the accumulation of intracellular secondary messenger, possibly cyclic AMP. Recent biochemical and electrophysiological studies of cardiac tissues established the sequence of reactions from the binding of P-adrenergic agonists to the phosphorylation of the Ca2' channel and its removal by acetylcholine and Ado. 15 13-Agonists occupy the ,-receptors on the membrane of cardiac myocytes and activate one of the guanine nucleotide binding proteins, resulting in the stimulation of the catalytic activity of adenylate cyclase. The produced cyclic AMP interacts with cyclic AMPdependent protein kinase, which catalyzes the transfer of the terminal phosphate of ATP to the Ca2' channel and thus increases the Ca2' current. 21 Ado activated A1 adenosine receptors, as evidenced by the reversal of the depressive action of Ado and Theo. Ado acts, possibly via another GTP binding protein22 on the myocardial adenylate cyclase, to decrease cyclic AMP accumulation in the presence of P-adrenergic stimulants and favors the dephosphorylation of the Ca21 channel. The resultant decrease in the Ca21 current is produced mainly by the decrease in the availability of the channel, related to the number of the functional channels.
